Water and nutrient application using three irrigation systems, namely daily drip irrigation, pulsing drip irrigation and micro irrigation were studied with respect to photosynthetic efficiency, water use efficiency and leaf water relations in 'Brookfield Gala' apple trees during 2004/5 and 2005/6 for the pulsing drip for 2004/5 and 2005/6 seasons respectively. Trees were budded on either M793 or M7 rootstocks and planted in blocks using a split-plot experimental design with irrigation as the main effect and rootstock as the sub-plot. Maximum light-saturated net CO 2 assimilation rate (A max ) was consistently higher under pulsing drip irrigation (this system applies water several times during the day creating an even shorter frequency cycle than the normal daily drip) compared to micro irrigation (applies water once to twice a week and uses sprinklers that spray water in a circle resulting in wetting a continuous strip within the drip row) but, occasionally, significantly higher than daily drip irrigation (applies water on a daily basis creating a shorter cycle compared to micro sprinkler system). The maximum rate of electron transport (J max ) showed similar trends to A max during 2004/5, but not during 2005/6. A max peaked during midmorning (10h00) with a steady decline thereafter in all treatments, but with significantly lower rates under micro irrigation. Stomatal conductance (g s ) declined steadily throughout the morning, with higher g s under the drip based systems compared to the micro system. The implications are that, irrigation application should be given early in the morning to sustain stomatal conductance and maximise CO 2 assimilation rates during the period between 08h00 to 12h00. Results indicate higher photosynthetic capacity and water use efficiency under both drip-based irrigation systems compared to micro irrigation. Differences in photosynthetic capacity were related to both stomatal and non-stomatal responses.
Introduction
Water is a limited resource in South Africa. A high and increasing demand for water from agriculture, industry and towns puts a high demand on available water (Binns et al., 2001) . As a result, more efficient water management practices in deciduous fruit orchards are being developed to use scarce resources more efficiently, without forfeiting yield and fruit quality. Most of the apple (Malus spp.) orchards in the main apple production areas are still under medium density cropping. However, there has been a move to higher density orchards with planting densities of 1900 to 2500 trees per hectare. These higher density orchards have improved production efficiencies, but require more intensified irrigation systems. Currently, many producers make use of micro irrigation systems with hand fertilisation. However, new drip irrigation technologies and irrigation scheduling practices show a great potential for improving fruit quality and yield whilst minimising water use.
Although very few studies have compared different irrigation systems in apples (i.e. micro irrigation versus drip irrigation), it is widely believed that drip irrigation holds many benefits in terms of reduced water use (Elfving, 1982; Fallahi et al., 2006; Wang et al., 2006) , allows irrigation according to consumptive water use, maintains soil water tension close to the optimum available water for plants, restricts root volume thus allowing higher density per hectare and affects the balance of physiological processes such as fruiting and vegetative growth (Assaf et al., 1984) . Improved irrigation scheduling, for example by optimising application frequencies or times of application, could also benefit fruit production and lead to more efficient water use.
Modern medium to high density apple orchards (including those in South Africa) use composite plants made up of an aboveground scion budded or grafted onto a clonally produced rootstock (Atkinson, 2001) . Currently, dwarfing rootstocks such as M7 and the semi-vigorous rootstock M793 are used by most apple producers in South Africa. The influence of different irrigation systems and scheduling treatments on leaf photosynthetic characteristics, stomatal behaviour, leaf water potential and leaf water use efficiency in apple trees has not been comprehensively studied. Use of drip irrigation systems has been considered as an alternative to evaporative cooling in reducing stomatal closure during midday and increasing biochemical photosynthetic capacity (Goldhamer, 1996; Romero & Botía, 2006) . Current reviews focus more on deficit irrigation scheduling than on the irrigation systems used in apple orchards.
The objective of this study was to investigate apple leaf photosynthetic efficiency and water relations under three irrigation systems in a high density apple orchard, using 'Brookfield Gala' trees budded on dwarfing M7 and semi-vigorous M793 rootstocks. The research hypothesis was that more frequent fertigation using a drip irrigation system would reduce tree stress levels in comparison with less frequent water application using micro irrigation and hand fertilisation, thus reducing stomatal closure at midday as well as increasing biochemical photosynthetic capacity. In addition, it was expected that multiple applications per day (simulating a hydroponic system) would give better results than a conventional single daily application under a drip system, especially on the dwarfing rootstock.
Material and methods

Study site and plant material
The . The soil was a sandy loam (Dundee soil series). Pre-plant soil preparation included rectification of soil pH to approximately 5.5 (KCl) and phosphorus to 30 mg kg -1 (Bray II, as extraction solution). Trees were trained to a central leader spindle, using a four-wire support system with lateral branches bent according to the French solaxe principle.
A split-plot design was used with irrigation treatments as main plots and rootstocks as sub-plots. The treatments were replicated in eight blocks and each experimental unit consisted of five trees while only the middle tree was used for the measurements. The irrigation treatments were a daily drip system with water applied once daily, a pulsing drip irrigation system where water was applied between one and six times a day and a micro irrigation system with water applied once to three times a week (depending on the daily maximum temperatures). All the measurements were taken within one day after irrigation applications in micro irrigation and daily for drip irrigation. Each rootstock was randomly allocated in each system in each of the eight blocks. Earlier work by Stassen and North (2005) studied the annual nutritional requirements for pear trees. The guidelines developed from this study were adopted with minor amendments and the nutrients were applied in instalments distributed throughout the year based on the phenological stage of the tree. Minor changes were made as necessary according to the tree performance as well as soil and leaf analysis. Water and nutrient application were applied based on the above mentioned information using a computer program (P.G. Mostert, 2004, personal communication) . In the micro irrigation system the macro and micro elements were applied by hand within the drip row. Nitrogen was given in five applications, K in three and all other nutrients in two applications according to standard commercial applications. Fruit thinning and pruning were done according to standard commercial practices. Fruit thinning was done immediately after fruit drop and a maximum of two fruits were left per spur cluster for the first proximal 50% of the bearing branch and three fruits per cluster for the other distal bearing branch. Both winter (removal of dead wood, lower lying limbs etc. and summer pruning (removal of water shoots and other competing summer growth) were done.
Light and CO 2 response curves
Photosynthetic light response curves were measured at air temperature of 25°C and air-to-leaf vapour pressure deficit (VPD) of 1.0 to 2.0 kPa. Cuvette CO 2 concentration was controlled at 380 µmol mol -1 using a CO 2 injection system and compressed CO 2 cylinders using a LI-6400 infrared gas analyzer ( -2 s -1 photosynthetic photon flux density (PPFD), provided by internal red/blue LED light source, were used. One sun-exposed leaf on the west side of the tree was measured per tree per block. Five replications were used for these measurements (n=5). The response of net CO 2 rate (A) to PPFD was modelled by a non-rectangular hyperbola where the initial slope represents the apparent quantum efficiency (QE), the rate of dark respiration was taken from the y-axis intercept and the light-saturated A (A max ) was determined as the upper asymptote (Prioul & Chartier, 1977) . Leaf stomatal conductance (g s ) was obtained from system equations derived by Von Caemmerer and Farquhar (1981) . Intrinsic water use efficiency (WUE i ) was determined as the ratio of A max to g s .
Photosynthetic CO 2 response (A/Ci) measurements were made on sunny exposed leaves under the following conditions: air temperature of 25°C, VPD of 1.0-2.0 kPa (obtained by manipulating the flow rate through the desiccant) and PPFD of 1500 µmol m -2 s -1 (provided by internal red/blue LED light source) during two mid-season dates (same dates as light response curves) prior to harvest, in 2004/5 and 2005/ 6. CO 2 was supplied by compressed CO 2 cylinders at cuvette CO 2 concentrations of 380, 300, 150, 100, 50, 380, 600, 800 and 1000 mol mol -1 . One sun-exposed leaf on the west side of the tree was selected per tree per block. The mechanistic model proposed by Farquhar et al. (1980) and later modified by Von Caemmerer and Farquhar (1981) , Sharkey (1985) and Harley et al. (1992) was used to make estimates of the maximum rate of carboxylation (Vc max ) and the light-saturated rate of electron transport (J max ).
Diurnal gas exchange measurements and leaf water potential measurements
Diurnal gas exchange measurements were done two-hourly between 06h00 and 18h00 under ambient sunlight and temperature conditions on 4 Feb. 2005 and 1 Feb. 2006 using the LI-6400 infra-red gas analyzer (Li-Cor, Lincoln, Nebraska, USA). The daily solar radiation was tracked using a Li-190SA quantum sensor (Li-Cor, Lincoln, Nebraska, USA). Intrinsic water use efficiency (WUE i ) was determined from the ratio of net CO 2 assimilation rate to stomatal conductance (A g s -1
). Two leaves per plot were measured from six blocks. Diurnal water potential measurements were done on the same days as the above measurements using a pressure chamber (PCI 600, PMS Instrument Co., Corvallis, Oregon, USA). At each sampling date three leaves per tree per treatment in six blocks were measured.
Data were analyzed using a split-plot analysis of variance (ANOVA) with irrigation treatments as the main factor and rootstock as the sub-factor for both gas exchange and diurnal measurements (SAS GLM procedure, Enterprise Guide 6, release 1.3 SAS Institute, Cary, NC, USA, 2001). Mean separation was calculated using Tukey's studentized range test (P0.05).
Results
There were no differences in A max , J max and Vc max between the two rootstocks (M793 and M7) and there was no interaction between irrigation systems and rootstocks. As a result the data was pooled and presented as main effects of the three irrigation systems. There was higher A max in the pulsing drip system (on one measurement date, 1 Feb. 2005) than under the daily drip system and the micro system had a lower A max in both seasons (Table 1 ). There were no significant treatment differences in QE and g s in the two seasons studied except on 1 Feb. 2006 in 2005/6 (Table 1 ). Higher J max were found in 2004/5 season date 1 and date 2, but not in 2005/6 in all treatments ( Table 2 ). The two drip systems showed higher J max than in the micro system except on 1 Feb. 2005, where daily drip was not significantly different to the micro system. Higher rates of Vc max (2004/05) date 1 and J max (2005/06) date 1 and date 2 were observed in trees under drip systems than in micro irrigated trees. The ratio of J max to Vc max ranged from 1.4 to 2.9 (Table 2) in this study.
The diurnal course of leaf water potential showed high leaf water potential in the early morning followed by a steady decline until 12h00 and partial recovery for the remaining day (Figures 2A and B) . Trees under the micro system had a significantly lower leaf water potential than those under pulsing drip irrigation and daily drip irrigation systems between 08h00 and 14h00 (Figures 2A and B) . This is irrespective of allowing them to recover from the stress conditions during no irrigation days under the sandy loam conditions where the study was conducted. No significant differences in leaf water potential were found between pulsing and daily drip irrigation systems.
Photosynthetic photon flux density (PPFD) and VPD showed low rates in the morning and peaked during midday, remaining high in the early afternoon and declining in late afternoon ( Figure 1A and B) . The diurnal course for net CO 2 assimilation rate (A) was low early in the morning, peaking at mid-morning (10h00), whereafter A decreased gradually for the remaining time in all systems ( Figures 1C and D) . The two drip systems had significantly higher A than the micro system on both dates throughout the day. However, the pulsing drip system had significantly higher A than daily drip on 4 March 2005 (06h00) and on 1 Feb. 2006 (10h00 and 18h00) ( Figures 1C and D) . The g s levels were highest in the early morning and decreased continuously during the course of the day, in all systems ( Figures 1E and F) . This can further be explained as a result of mitigation effects of the irrigation treatments on the stomatal behaviour. There were significant differences between the three systems with the two drip systems giving a higher stomatal conductance than the micro system, except on 4 Feb. 2005 (08h00 and 18h00) and on 1 Feb. 2006 (08h00, 10h00 and 12h00), when no differences were observed. The intrinsic WUE i (A/g s ) increased steadily through the morning until midday due to reductions in g s but maintenance of high A, and decreased during the afternoon with reductions in A (Figures 1G and H) . Pulsing drip and daily drip systems had higher WUE i than the micro system at those times when differences in A were high but differences in g s were absent or low, for example at 08h00 on both dates. No differences in WUE i were found on both dates at 10h00, 12h00 and 16h00 ( Figures 1G and H) .
Discussion
Higher diurnal gas exchange activity was observed in midmorning measurements than in the afternoon with a maximum peak of A max and g s before noon in all treatments. For an apple tree it looks likely that the most suitable time for high growth rates and increased leaf photosynthetic capacity occurs between 08h00 to 12h00. This implies that, irrigation application should start early in the day (06h00) to sustain stomatal conductance and CO 2 assimilation rates during the period 08h00 to 12h00. Higher values for A max , J max and Vc max were observed in the pulsing drip system and daily drip system than in the micro irrigation system. The frequent application of water on a daily basis improved fruit quality and size (data not shown) and this in turn increased the demand for carbohydrates (photo assimilates) to compensate for more growth. Similar results have been obtained in almond (Prunus amygdalus, Wairinger et al., 1990) and in olives (Olea europaea), peach (Prunus persica) and apricot (Prunus armeniaca, Larsen et al., 1989) . Reductions in A max and g s as well as increases in transpiration when water stress increases is considered more likely because of non-stomatal limitation of A max in the afternoon as a result of increased oxygenase activity of rubisco enzyme stimulated by T leaf which, in spite of increased transpiration was higher in the morning (Cheng & Luo, 1997) . The mechanism by which water stress affects photosynthetic capacity is not fully understood. Reduction in electron transport (Wong et al., 1985) and reduction in quantum yield of CO 2 fixation in leaves (Mohanty & Boyer, 1985) have all been mentioned. There were no increased rates in either the carboxylation efficiency or quantum efficiency due to use of different systems in this study except for J max and A max . However, irrespective of the way mesophyll energy transduction is affected, there is a possibility that similar effects are occurring in guard cells. The coincident decline in A max with the highest VPD suggests that this may be an important signal of the afternoon decline of A max (Singsaas et al., 2000) . The response in VPD included reductions in the carboxylation efficiency of mesophyll, an effect commonly associated with the midday decline in A max (Geiger & Servaites, 1994) . Reports on VPD mediation and mesophyll sensitivity to the rate of transpiration have been reported by Sharkey (1984) . Table 1 Mean values for light-saturated net CO 2 assimilation rate (A max ), apparent quantum efficiency (QE) and stomatal conductance (g s ) for apple leaves grown under micro, daily drip or pulsing drip irrigation systems on either semi-vigorous M793 or dwarfing M7 rootstocks. Measurements were taken at air temperature of 25°C, leafto-air vapour pressure deficit of 1-2 kPa and carbon dioxide concentration of 380 mol mol -1 on fully exposed spur leaves on the west side of the trees. Figure 1 Diurnal course of gas exchange in 'Brookfield Gala' apple leaves prior to harvest in response to three irrigation systems, namely micro irrigation ('Micro'), daily drip irrigation ('Drip') and pulsing drip irrigation ('Pul'). Measurements were taken on 4 Feb. 2005 (A, C, E, and G) and 1 Feb. 2006 (B, D, and F) . Abbreviations: PPFD (Photosynthetic photon flux density), VPD (vapour pressure deficit), A (Co 2 assimilation rate) and g s (stomatal conductance). Asterisks * represent significant variations between treatments at P<0.05, ns: not significant (P>0.05) according to Tukey's multiple range test, n=6.
Other studies on irrigation and leaf photosynthesis have implicated benefits of using drip irrigation systems than using micro irrigation systems (Mitchell & Chalmers, 1983) . Drip based systems are known to improve tree growth (less vigour, more bearing branches); trees crop early as a result of restricted root volume (Mitchell & Chalmers, 1983) . In this study micro irrigation wetted surface area was over 1.2 m wide strip of the drip line and it could therefore be expected that this could encourage larger root volume than in drip systems where water distribution usually forms a 'pot' around the emitter (data not shown). Mitchell and Chalmers (1983) in their studies on peaches found that micro irrigation delay Figure 2 Diurnal course of leaf water potential in 'Brookfield Gala' apple leaves prior to harvest, in response to three irrigation systems, namely micro irrigation ('Micro'), daily drip irrigation ('Drip') and pulsing drip irrigation ('Puls'). cropping and encourage vegetative growth and recommended that micro system is a less suited irrigation method for high density plantings. It has been shown that the micro system contributed to more vegetative growth as evident by rapid shoot growth (data not shown). However the drip based system showed a more restricted growth irrespective of the rootstock used. The results suggest that there is greater control of growth under drip irrigation systems with a well developed canopy that allows proper light penetration and distribution to the spurs encouraging higher rates of A max than in a micro irrigation system. In the micro irrigation system smallest wetted soil volume was observed on both vertical and horizontal axis (data not shown). Soil moisture tension remained within <30 kPa in the upper 400 mm and 40-60 kPa within 400-800 mm depths; this was found to be relatively dry compared to the drip irrigation systems where soil moisture tensions remained within <20 kPa at 0-200 mm soil depths, <40 kPa at 200-400 mm and ±60 kPa at 400-800 mm (data not shown).
The results agree with studies by Assouline (2002) who found that micro irrigation results in variable water for a specified diurnal period due to periodic wetting and drying, resulting from water applied at specific intervals, as in this study.
Neither rootstock nor the interaction between rootstock and irrigation system showed any significant effect. However, M793 was more vigorous and had higher trunk circumference area (TCA) than M7 which was less vigorous with a smaller TCA but greater yield efficiency (data not shown). Our studies also did not show any significant differences in gas exchange measurements and water use efficiency, this is in spite of evidence from other studies showing higher physiological tree performance (high A max and water use) of apple trees on vigorous rootstocks than on dwarfing rootstocks (Ferree & Barden, 1971; Olien & Lakso, 1986; Schechter et al., 1991; Baugher et al., 1994) . However, studies by Barden and Ferree (1979) showed no effect of rootstock on leaf photosynthesis, dark respiration and transpiration of apple leaves. Trees in this study were young (1 st leaf and 2 nd leaf) and with future development and full establishment there might be some differences in leaf photosynthetic capacity between the two rootstocks. Apple gaseous exchange and water relations can be improved under field conditions in South Africa. The apple trees, 'Brookfield Gala', used in this study showed maximum leaf photosynthetic capacity at mid-morning and rates only decreased at 14h00 with no further recoveries in the afternoon. Irrigation scheduling can, therefore, be applied early in the morning (06h00) to sustain stomatal conductance and further increase leaf photosynthetic activity from 08h00 to 12h00. This might further have significant effects on mitigating midday depression that continues in the afternoon. Irrespective of the amount of water in the soil, leaf photosynthesis declines in the afternoon, because of closure of stomata as a result of increased VPD and temperature. In this study pulsing drip irrigation and daily drip irrigation systems were found to be better compared to the micro irrigation system. Upon attainable high rates of these factors apple yield and quality have been seen to increase.
